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The regulatory region of the human neurotropic JC virus (JCV) is composed of several cis-acting motifs that confer cell type
specificity to viral gene transcription and enable the viral promoters to respond to extracellular stimuli. For example, the
bidirectional 98-bp tandem repeat sequences, positioned between the JCV early and late genes, were shown to be
responsible for basal and activated levels of viral gene transcription in central nervous system (CNS) cells. Additionally, the
NF-kB site located approximately 75 bp from the repeats on the early side of the viral genome was also found to influence
both levels of viral transcription. Recently, we isolated a novel JCV variant, JCVPhila-1, from a clinical specimen that contains
a 23-bp sequence element (23-bpse) within its promoter–enhancer region. Here we demonstrate that this element is
responsive to an extracellular stimulatory factor, such as phorbol 12-myristate 13-acetate (PMA), and can augment the basal
levels of the viral early and to a lesser degree late promoter activities in cells derived from the CNS. The 23-bpse, by
associating with nuclear proteins present in uninduced cells, forms a 40-kDa DNA–protein complex. Although no direct
correlation between transcriptional enhancement of the JCV promoter by PMA treatment and the level of the 40-kDa
DNA–protein complex was observed, results from site-directed mutagenesis indicated that formation of this complex is
critical for the transcriptional activation of the viral promoter by PMA. These observations suggested that transcriptional
enhancement of the JCV promoter activity upon PMA treatment may be an indirect event and mediated by an intermediary
factor(s). In this respect, we demonstrated that overexpression of the inducible NF-kB subunits, p50 and p65, enhanced
transcriptional activity of the JCV promoter through the 23-bp region with no evidence for their direct association with the
23-bpse DNA. Of importance, the p50/p65-induced JCV promoter activity requires the nucleotide sequences within the
23-bpse that are critical for the assembly of the 40-kDa DNA–protein complex. Thus, it is likely that the NF-kB subunits, by
recruiting the cellular factors such as those associated with the 40-kDa DNA–protein complex, influence the basal level of
the viral gene transcription. The implications of these findings with respect to regulation of viral and cellular genomes by
extracellular stimuli and NF-kB pathway are discussed. © 1999 Academic Press
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JC virus (JCV) is the well-established etiologic agent
or the subacute demyelinating disease, progressive
ultifocal leukoencephalopathy (PML) (for a review see
risque and White, 1992; Major et al., 1992). PML is an
pportunistic disease that generally affects patients
lready exhibiting immunocompromised conditions
Walker, 1978). JCV shares significant genome homology,
n particular in the protein coding regions, with other
olyomaviruses including SV40 and BKV (Frisque et al.,
984). Unlike these viruses, JCV has a narrow host range
nd tissue specificity that restricts efficient viral replica-
ion to glial cells (Feigenbaum et al., 1987; Kenney et al.,
984). Results from in vitro and in vivo studies revealed
hat the restricted cell type-specificity of JCV is primarily
etermined by the viral regulatory region that exhibits the
reatest degree of divergence from those of other poly-
maviruses (Martin et al., 1985). However, recent reports
1 To whom correspondence and reprint requests should be ad-
oressed. Fax: (215) 762-3241. E-mail: khalili@mcphu.edu.
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178ndicate that JCV can also infect and replicate, although
nefficiently, in B lymphocytes, hematopoietic precursor
ells, and tonsillar stroma cells (Gallia et al., 1997; Mo-
aco et al., 1996, 1998).
Examination of viral gene transcription by in vitro and
n vivo assays identified several motifs within the regu-
atory region of the Mad-1 strain of JCV, JCVMad-1 (Ahmed
t al., 1990; Raj and Khalili, 1995; Tada et al., 1989). Its
egulatory region contains two 98-bp tandem repeats
nd a functional NF-kB regulatory motif (Mayreddy et al.,
996; Ranganathan and Khalili, 1993) located approxi-
ately 75 nucleotides further upstream from the 98-bp
epeat near the translation initiation codon for the early
ene (Fig. 1, top). Comparison of the regulatory se-
uences among a number of JCV isolates showed hy-
ervariability in their structural organization particularly
ithin their promoter–enhancer regions (Frisque and
hite, 1992). Recently, we isolated a variant of JCV,
CVPhila-1, from a brain biopsy of a patient suffering from
ML with the underlying immunosuppressive disease,
ultiple myeloma (Zoltick et al., 1995). Structural analysisf the viral regulatory sequences revealed the presence
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17923-bp SEQUENCE ELEMENT FROM HUMAN NEUROTROPIC JC VIRUSf a 23-bp sequence element (23 bpse) within its promo-
er–enhancer region (Fig. 1, bottom). This element dis-
upts the pentanucleotide repeat sequence, AGG-
AAGGGA, which is known as the lytic control element
LCE) of JCV (Tada et al., 1991). Of interest, the regulatory
egion of the archetype strain of JCV, JCVCY, which has
een repeatedly isolated from nonimmunocompromised
nd healthy individuals (Yogo et al., 1990), also contains
n identical 23-bp DNA element within its promoter–
nhancer region (Fig. 1, middle). Earlier studies from our
aboratory indicated that the 23-bpse of the JCVCY pro-
oter plays a critical role in transcriptional regulation of
he viral early and late promoters (Mayreddy et al., 1996).
he results from a series of transfection studies led to
he assumption that the 23-bp sequence may encom-
ass an extracellular stimuli-responsive element that re-
ponds to extracellular stimuli including cytokines and
horbol 12-myristate 13-acetate (PMA) and results in
ranscriptional induction from the JCV promoters. This is
eminiscent of the NF-kB motif, which is conserved in all
CV isolates and involved in transcriptional activation of
he viral genome in response to extracellular stimuli
Ranganathan and Khalili, 1993). Thus, it is plausible to
peculate that intercommunication between the NF-kB
nd the 23-bpse dictates the level of JCV promoter re-
ponsiveness to extracellular stimuli in CNS cells.
In this study, we have utilized reporter constructs of
ild-type and mutant promoters of JCV in transient
ransfection assays and demonstrated that while the
F-kB motif is responsible for transcriptional induction
FIG. 1. Structural organization of the JCV regulatory regions. (Top) S
he NF-kB motif (kB), origin of viral DNA replication (ori), and the two 9
enes is indicated by the arrows. (Middle) The regulatory region of JC
n which two DNA elements (23 and 66 bp) are interspersed. (Bottom)
egulatory region also contains a 23-bp element within its first repeat. E
epeat (Mayreddy et al., 1996). The positions of the kB and ori and th
ucleotide sequence of the 23-bp sequence element is shown betweerom the viral late genome, the 23-bpse plays a moremportant role in enhancing viral early promoter activ-
ty. Results from DNA binding studies indicated that
he 23-bpse, by binding to a cellular protein(s), forms a
0-kDa DNA–protein complex whose level remains
nchanged upon induction with PMA. Moreover, we
emonstrated that the 23-bpse is responsive to p50/
65 subunits of the NF-kB family of transcription fac-
ors. Of interest, our DNA binding studies showed no
vidence for the direct association of p50/p65 with this
lement. However, site-directed mutagenesis studies
ndicated that formation of the 40-kDa DNA–protein
omplex is important for transcriptional activation of
he JCV promoter by p50/p65 through the 23-bp region.
hus, one may hypothesize that enhancement of the
iral promoters by p50/p65 is an indirect event and is
ediated through the protein(s) constituting the 40-
Da DNA–protein complex.
RESULTS
pecific nucleotides within the 23-bpse are in contact
ith nuclear proteins from glial cells
Nuclear proteins from human glial cells, U-87MG, by
inding to the 23-bp DNA probe form a major nucleo-
rotein complex (complex a) in a band shift assay (Fig.
A, lane 1) that exhibits a molecular mass of 40 kDa
ia UV-crosslinking assay (Fig. 2A, lane 2). In addition,
e utilized the methylation interference technique to
dentify the purine residues that are important for the
ormation of this 40-kDa DNA–protein complex. The
32
ic representation of the regulatory region of JCVMad-1. The positions of
ndem repeats are depicted. The direction of the early (E) and late (L)
composed of the NF-kB motif, ori, and one copy of the 98-bp repeat
gulatory region of JCVPhila-1. In addition to the NF-kB motif and ori, its
n base pairs of this element is also repeated within the second 98-bp
leotide compositions are conserved among the various isolates. The
iddle and the bottom panels.chemat
8-bp ta
VCY. It is
The re
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180 SAFAK, GALLIA, AND KHALILIarly (23 E) and late (23 L) strands of the 23-bpse were
odified with dimethyl sulfate (DMS) and incubated
ith extracts from U-87MG cells. DNA–protein com-
lexes were resolved on a native polyacrylamide gel.
oth DNA–protein complex (complex a) and the free
robe were electroeluted from the gel, treated with
iperidine, which cleaves the DNA at N1-methylated G
nd N3-methylated A residues, and analyzed on a 15%
equencing gel. Comparison of the cleavage products
f both bound and free probe indicated that the pres-
nce of the methyl groups on the G2, G3, G4, and G5
esidues of the late strand and the G2 residue of the
arly strand of the 23-bpse interfered with formation of
he DNA–protein complex (Fig. 2B).
Site-directed mutagenesis of the affected guanosine
esidues within the 23-bpse DNA followed by competi-
FIG. 2. Interaction of glial cell nuclear proteins with specific nucleotid
0 mg of nuclear extract from U-87MG cells was incubated with a 32P-
ere separated on a 6% native polyacrylamide gel and visualized by
complex a) is indicated by a labeled arrow. In lane 2, complex a sho
V-crosslinking followed by SDS–PAGE. The position of the 40-kDa DN
ssay. The early (23 E) and late (23 L) strands of the 23-bpse were 59-e
ith DMS. The probes were then mixed with nuclear extracts from U-8
omplexes (B) were resolved on a native polyacrylamide gel. Free DN
xtracted, ethanol precipitated, cleaved by 1 M piperidine, and analyz
ffects on binding are shown on the sides. The sequence composition o
boldface) critical G-residues, is shown below the panels. (C) Competit
sed in a band shift assay in the absence (lane 2) or in the presence o
3 bp) containing altered nucleotides at the critical G-residues whe
ouble-stranded competitor oligonucleotide (59-TAGAAAGCGCGCCAAA
and 8). Lane 1 shows binding reaction with probe alone. Positions of
espectively, on the left side of the panel. The asterisk indicates a minive band-shift assays using the wild-type or the mutant m3-bp oligonucleotides revealed that the protected
uanosine residues are important for the formation of the
ajor 40-kDa DNA–protein complex (complex a, Fig. 2C).
he addition of unlabeled wild-type 23-bp oligonucleo-
ide to the binding reaction decreased the intensity of the
and corresponding to complex a (compare lane 2 with
anes 3 and 4). Addition of unlabeled mutant 23-bp oli-
onucleotide with altered nucleotides at the critical G-
esidues or an unrelated oligonucleotide derived from
he DHFR gene showed no significant effect on the
ormation of complex a (lanes 5–8). We also noticed that
he intensity of the band corresponding to a minor com-
lex (depicted by an asterisk) was affected by the wild-
ype but not the mutant 23-bp and DHFR DNA competi-
ors, suggesting that the altered G residues in the mutant
ompetitor are also important for the formation of the
in the 23-bpse. (A) Band shift/UV-crosslinking analysis. Approximately
23-bp double-stranded oligonucleotide. The DNA–protein complexes
diography (lane 1). The position of the major DNA–protein complex
the band shift experiment was eluted from the gel and subjected to
in complex is depicted by an arrowhead. (B) Methylation interference
eled, annealed to their complementary unlabeled strands, and treated
ells in a DNA binding reaction mixture and free (F) and DNA–protein
bound DNA (B) were subsequently electroeluted, phenol/chloroform
a 15% sequencing gel. Modified G-residues with the most significant
-bpse, which depicts the late (L) and early (E) strands with highlighted
d shift assay. Nuclear extracts from U-87MG cells were prepared and
ild-type 23-bpse competitor (lanes 3 and 4) or mutant competitor (mut
were substituted for A residues (lanes 5 and 6) or the unrelated
9) derived from dihydrofolate reductase (DHFR) gene promoter (lanes
r complex (a) and free probe are indicated by an arrow and a bracket,
leoprotein complex.es with
labeled
autora
wn in
A–prote
nd-lab
7MG c
A and
ed on
f the 23
ive ban
f the w
re they
GTG-3
a majoinor complex.
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18123-bp SEQUENCE ELEMENT FROM HUMAN NEUROTROPIC JC VIRUShe 23-bpse confers responsiveness to extracellular
timuli for JCV promoter activity
To assess the influence of the 23-bpse on transcrip-
ional activity of the viral promoter and determine the
mportance of the nucleotide sequences that are in-
olved in the formation of the 40-kDa DNA–protein com-
lex, we performed transient transfection assays in
-87MG cells. In these studies, we utilized minimal JCV
romoter constructs that contained either wild-type or
utant 23-bpse (Fig. 3A). As our previous studies (May-
eddy et al., 1996) indicated that the sequences spanning
he JCV minimal promoter are responsive to extracellular
timuli such as PMA. The transfected cells were either
ntreated or treated with PMA as described under Ma-
erials and Methods. As shown in Fig. 3B, the promoter
ctivity of the early gene containing the wild-type 23-
pse was drastically increased by PMA treatment (Fig.
B, construct 1). Under similar conditions, the JCV early
romoter containing the mutant 23-bpse showed a slight
esponsiveness to PMA stimulation (Fig. 3B, construct 2).
n the late orientation, treatment of cells with PMA
aused a slight induction from viral wild-type and mutant
romoters (Fig. 3B, constructs 3 and 4). These observa-
ions suggest that the 23-bpse confers PMA responsive-
ess to transcriptional induction from the JCV early pro-
oter. It is also evident that the nucleotide sequences
mportant for the assembly of the 40-kDa DNA–protein
omplex are critical for this activity. In the late orienta-
ion, however, mutations within the 23-bpse exhibit no
ffect on the minimal level of enhancement that is seen
pon PMA treatment.
As mentioned earlier, a functional NF-kB motif located
pstream of the origin of viral DNA replication at the
arly side of the viral genome confers PMA responsive-
ess to JCV gene transcription (Ranganathan and Khalili,
993). In order to investigate the functional relationship
etween the NF-kB element and the 23-bpse with re-
pect to transcriptional induction from the JCV early and
ate promoters, we created wild-type and mutant JCV
romoter constructs containing mutations within either
he NF-kB or the 23-bp elements or containing mutations
ithin both elements and utilized them in transient trans-
ection assays (Fig. 4A). Results from these studies indi-
ated that in the early promoter orientation, the activity of
oth the wild-type and the mutant NF-kB promoters is
nhanced by PMA treatment (Fig. 4B, constructs 1 and
). Of interest, mutations within the 23-bpse caused a
ubstantial decrease in PMA-induced early promoter ac-
ivity even in the presence of the wild-type NF-kB motif
Fig. 4B, construct 3). These observations indicated that
he 23-bpse may play an important role in the transcrip-
ional induction from the viral early promoter. Results
rom a similar series of studies with the late promoter
ndicated that treatment of the cells with PMA enhanced
ranscriptional activity of a promoter construct containing moth wild-type NF-kB and 23-bp elements (Fig. 4B, con-
truct 4). Mutations within the 23-bpse had no negative
ffect on the transcriptional induction from the late pro-
oter (Fig. 4B, construct 5). In fact, we noticed that
FIG. 3. Transcriptional activity of the minimal JCV promoter. (A)
tructural organization of the JCVPhila-1 promoter and its minimal pro-
oter constructs containing either wild-type 23-bpse or its mutant
ariant. The minimal (139-nucleotide sequence) early (E) and late (L)
romoter constructs containing wild-type and mutant 23-bpse were
onstructed by PCR amplification utilizing primers derived from the 39
nd (59-GAGCTCATGCTTGGCTGGCAGGCC-39) and the 59 end (59-
CTAAAAAGCCTCCACGCCC-39) of the selected regions as shown by
he dotted arrows. The amplified DNA fragment was first cloned in
BlueScript vector at an SmaI site and then subcloned into the BamHI/
stI site of the pBL-CAT3 reporter vector (Raj et al., 1996). (B) Transient
ransfection of U-87MG cells with the reporter plasmids. Promoter
onstructs (7.5 mg) as shown in A were transiently transfected into glial
ells. Transfected cells were untreated or treated with PMA as de-
cribed (Mayreddy et al., 1996). At 48 h posttransfection, whole-cell
xtracts were prepared and normalized to protein concentrations and
sed in CAT assays. Eighty micrograms of whole-cell extract were used
n the assays. Results are expressed as percentage conversion of
hloramphenical to its acetylated forms. They are also expressed in
old activation as depicted under the graph. Each experiment was
erformed in triplicate using different plasmid preparations, and stan-
ard deviations of the results are indicated by error bars.utations within the 23-bpse further increased the ability
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182 SAFAK, GALLIA, AND KHALILIf NF-kB to augment transcriptional induction of the late
romoter, suggesting that the 23-bpse may have a neg-
tive effect on the NF-kB element. This is consistent with
ur previous observations that the 23-bpse may play a
estrictive role in transcriptional activity of viral late
enes (Mayreddy et al., 1996). Mutations within the
F-kB element abrogated PMA-mediated transcriptional
nduction from the viral late promoter, suggesting that in
he late orientation, the 23-bpse is not responsive to
MA treatment (Fig. 4B, construct 6). These observations
orroborate our earlier findings suggesting that commu-
FIG. 4. Transcriptional activity of JCV promoter containing the NF-kB
nd 23-bpse motifs. (A) Structural organization of the regulatory region
f JCVPhila-1, and its minimal promoter constructs containing wild-type
F-kB, 23-bpse, and their mutant variants. The 167-bp DNA fragment
rom JCV encompassing the NF-kB and 23-bpse elements was PCR-
mplified by utilizing the 39 primer (59-GAGCTCATGCTTGGCTGGCAG-
CC-39) and the 59 primer (59-GGGAAAAACAAGGGAATTTCC-39). Po-
itions of the primers are indicated by the dotted arrows. The amplified
ragments were cloned into pBL-CAT3, as described in the legend to
ig. 3A. (B) Transient transfection studies and subsequent CAT assays
or each transfectant were performed as described in the legend to
ig. 3.ication between NF-kB and the 23-bp elements may eetermine the extent of the JCV early and late promoter
ctivities by extracellular stimuli. Also, we investigated
MA responsiveness of a late promoter construct con-
aining mutations within both the NF-kB and the 23-bp
lements (Fig. 4B, construct 7). Results from transient
ransfection studies revealed no substantial stimulation
f transcription by PMA from this promoter, indicating the
mportance of the NF-kB element in transcriptional in-
uction from the viral late promoter in response to PMA
reatment.
Additionally, we have examined the effect of other
timulators of NF-kB, such as TNFa and IL-2, on tran-
criptional activation of the JCV promoter via the 23-
pse. Our results show that TNFa and IL-2 were unable
o induce activity of the JCVCY promoters (data not
hown), suggesting that similar to pp90rsk (Ghoda et al.,
997), activation of JCVCY by various NF-kB inducers may
e dictated through different regulatory pathways.
ffect of PKC, TK, and PKA inhibitors on PMA-
ediated transcriptional induction
f JCV early promoter
We have shown that several JCV promoter constructs
sed in our studies are responsive to PMA-mediated
ranscriptional activation. In the next series of studies,
e assessed the ability of different kinase inhibitors to
nfluence PMA-mediated transcriptional induction from
he minimal JCVPhila-1 early promoter. U-87MG cells were
ransiently transfected with a JCV early CAT promoter
onstruct (Fig. 5A) and treated with various protein ki-
ase inhibitors at different concentrations as described
n Fig. 5. As shown in Fig. 5B, protein kinase C (PKC)
nhibitor, bisindolymaleimide I (lanes 3–5) was able to
nhibit PMA-mediated transcriptional induction in a dose-
ependent manner. Additionally, the tyrosine kinase (TK)
nhibitor, tyrphostin A47 (lanes 9 and 10), and the protein
inase A (PKA) inhibitor, KT5720 (lanes 11–13), demon-
trated a reduction of PMA-mediated transcriptional in-
uction in a dose-dependent manner. Together, these
bservations indicate that PKC, TK, and PKA activities
re involved in the regulation of phorbal ester-mediated
ranscriptional regulation of the JCV early promoter.
F-kB/Rel subunits, p50 and p65, stimulate
ranscription of JCV via the 23-bpse
Treatment of cells with a broad range of extracellular
timuli including PMA and cytokines leads to activation
f the NF-kB/Rel family of transcription factors (for a
eview see Bauerle and Henkel, 1994). Among the family
embers, p50 and p65, upon association between them,
orm homo- and heterodimer complexes with an ability to
nhance transcription of NF-kB responsive genes. To
xert their transcriptional activity, the NF-kB subunits
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18323-bp SEQUENCE ELEMENT FROM HUMAN NEUROTROPIC JC VIRUSorm a stable DNA–protein complex with the NF-kB ele-
ent.
Transcriptional induction by PMA through the 23-bp
egion of the JCV promoter prompted us to directly in-
estigate the capacity of NF-kB subunits, p50 and p65, to
odulate transcription from a minimal promoter con-
truct encompassing the 23-bpse in either the early or
he late orientation. Toward this end, U-87MG cells were
ransfected with a reporter early construct alone or with
50 and p65 expression plasmids in various combina-
ions. As shown in Fig. 6A, overexpression of either p50
r p65 alone increased the basal level of transcription
rom the early promoter (compare lane 1 to lanes 2, 5, 6,
FIG. 5. Effect of protein kinase inhibitors on PMA-mediated transcrip-
ional activation of JCV early promoter. Approximately 7 mg of the JCV
inimal early promoter CAT construct (A) was transiently transfected
nto U-87MG cells as described under Materials and Methods. A
lycerol shock was applied to transfectants 4 h posttransfection and
ells were refed with fresh medium. Prior to PMA treatment, cells were
retreated with protein kinase C (PKC) inhibitor (bisindolylmaleimide I),
tyrosine kinase inhibitor (TK) (tyrphostin A47), and a protein kinase A
PKA) inhibitor (KT5720), at different concentrations as shown in B. All
nhibitors were prepared in DMSO. Transfectants were either untreated
lane 1) or treated with PMA (75 ng/ml) (lanes 2–13) in the presence of
espective inhibitors for 2 h. Cells were then washed with PBS and
efed with fresh medium containing respective inhibitors. CAT activities
f the transfectants were determined as described in the legend to Fig.
.nd 9). Coexpression of p50 and p65 synergistically aransactivated the JCV early promoter in these cells
lanes 4 and 8). Transactivation of the viral early promoter
y p50 and p65 is mediated through the 23-bpse since
utations within this element completely eliminated
ranscriptional induction from the viral early promoter by
hese proteins (Fig. 6B).
We also investigated the effect of NF-kB subunits, p50
nd p65, on the late promoter activity. As shown in Fig.
A, a modest induction was obtained in cells transfected
ith either p50 or p65 alone (compare lane 1 to lanes 2,
, 6, and 9). Again, coexpression of these proteins in the
ransfected cells led to synergistic activation of the viral
ate promoter containing the wild-type 23-bpse (Fig. 7A,
anes 4 and 8). This activation of the viral late promoter
y p50 and p65 is mediated through the 23-bpse since
utations within the 23-bpse completely abrogated the
FIG. 6. Transactivation of JCV early minimal promoter by NF-kB
ubunits, p50 and p65. Approximately 7.5 mg of a plasmid containing
he minimal JCV control region with wild-type 23-bpse (A) or its mutant
ariant (B) was transfected into U-87MG cells alone or with p50 and p65
xpression plasmids (RSV-p50 and RSV-p65). Concentrations of the
ransactivators, p50 and p65, are shown on the bottom of the respective
raphs in micrograms. DNA concentrations for each lane were normal-
zed with the addition of empty expression vector DNA. Transfections
nd CAT assays were performed as described in the legend to Fig. 3.
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184 SAFAK, GALLIA, AND KHALILIranscriptional induction of the viral promoter in re-
ponse to p50 and p65 (Fig. 7B). Of note, the fold activity
ediated via the 23-bpse in response to p50 and p65 is
ignificantly higher in the early than in the late orienta-
ion (compare Fig. 6 to Fig. 7).
Altogether these data provide strong evidence for the
ctivation of the JCV early and late promoters by the
F-kB subunits, p50 and p65, via the 23-bp regulatory
lement and for the importance of the G-residues
resent within the 23-bpse, which are critical for forma-
ion of the 40-kDa DNA–protein complex in this event.
F-kB subunits, p50 and p65, do not interact
ith the 23-bpse in mobility shift assays
Results from cotransfection studies indicated that p50
nd p65 induce transcriptional activation from a JCV
inimal promoter containing the wild-type but not the
utant 23-bpse. As activation of the eukaryotic promot-
rs by NF-kB subunits, p50 and p65, requires their as-
ociation with the consensus NF-kB DNA motif, GG-
FIG. 7. Transactivation of JCV late minimal promoter by p50 and p65.
he experimental detail in this study is similar to that described in the
egend to Fig. 6 except that the reporter construct contained the
inimal JCV late promoter with either the wild-type (A) or the mutant (B)
3-bpse.ACTTTCC, in the next series of studies we performed uompetitive band shift and antibody supershift assays to
etermine whether p50 and p65 can associate with the
3-bp DNA sequence. Nuclear extracts prepared from
oth untransfected and transfected U-87MG cells were
sed in DNA binding assays. Prior to DNA binding as-
ays, expression of p50 and p65 in transfected cells was
nalyzed by Western blotting (data not shown). We uti-
ized the kB motif derived from the NF-kB site of JCV as
positive control in our DNA binding assays. As shown
n Fig. 8A, nuclear extracts derived from cells transfected
ith p50 and p65 resulted in the formation of a slower
igrating nucleoprotein complex, complex c (compare
anes 1 and 2). Of note, nuclear extract from untrans-
ected cells resulted in the formation of a nucleoprotein
omplex, complex b, which was unaffected by transfec-
ion with p50 and p65 (compare lanes 1 and 2). The
pecificity of the nuclear proteins interacting with the kB
robe was investigated by competitive band shift assays.
ddition of the unlabeled NF-kB DNA competitor to the
eaction mixture prevented the formation of complex c.
nterestingly, the unlabeled NF-kB oligonucleotide also
ecreased the formation of complex b (Fig. 8A, compare
ane 2 with lanes 3 and 4). Neither unlabeled mutant
F-kB DNA, nor the 23-bp DNA, nor the unrelated DNA
ragment DHFR influenced the formation of complex c
ith the NF-kB motif (Fig. 8A, compare lane 2 with lanes
to 10), suggesting that this complex that was generated
pon transfection with p50/p65 does not contain proteins
hat interact with the 23-bpse. Interestingly, the intensity
f the band corresponding to complex b was slightly
iminished upon addition of the mutant NF-kB DNA and
y the 23-bpse (Fig. 8A, compare lane 2 with lanes 5 to
). This observation, coupled with the observation that
his complex b is unaffected (i.e., increased) upon over-
xpression of p50/p65 in cells, suggests that this band is
nonspecific protein that interacts with the JCV NF-kB
robe.
Incubation of the 23-bp DNA probe with protein extract
rom untransfected and transfected cells resulted in the
ormation of a minor complex (depicted by an asterisk)
nd a major complex a. Repeated binding experiments
howed no differences in band intensity or electro-
horetic mobility of either complex (Fig. 8B, compare
anes 1 and 2), suggesting that p50 and p65 may not bind
he 23-bp DNA probe in the band shift assay conditions
nd their overexpression in the cells has no effect on the
ormation of complex a. Again competitive band shift
xperiments verified the specificity of these complexes.
s shown in Fig. 8B, the wild-type but not the mutant
3-bp or the other competitors, i.e., NF-kB and DHFR,
ffected the appearance of the observed complexes (Fig.
B, compare lane 2 to lanes 5 to 10).
To further investigate the protein composition of the
omplexes formed with both the 23-bp and the NF-kB
robes, we performed antibody supershift experiments
sing anti-p50, anti-p65, or preimmune antibodies. As
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18523-bp SEQUENCE ELEMENT FROM HUMAN NEUROTROPIC JC VIRUShown in Fig. 8C, addition of the anti-p50 and -p65 as
ell as the control preimmune sera to the binding mix-
ure had no drastic effect on the formation and the
lectrophoretic mobility of the complexes formed with
he 23-bp probe (Fig. 8C, lanes 1 to 5), indicating that
either complex contains p50 or p65. However, it should
e noted that addition of anti-p50 to the reaction mixture
nconsistently gave rise to a signal appearing in the well
n repeated antibody supershift experiments. Therefore
e do not attribute this signal to a supershifted ternary
omplex that forms between anti-p50 antibody, p50 pro-
FIG. 8. Interaction of NF-kB subunits with JCV NF-kB and 23-bp eleme
-87MG cells that are in expression plasmids that were untransfected o
ormed DNA–protein complexes, and were resolved on a 10% native po
sed in the competition assays is shown above the respective lanes.
he kB probe are indicated by labeled arrows. A major complex (comple
nd an asterisk, respectively. (C and D) Antibody supershift experime
robes as described for A and B except that respective reaction mixtur
nti-p65 (a-p65) antibody. Formed DNA–protein complexes with each
upershifted complexes in D.ein, and 23-bp probe. Addition of anti-p50 antibody to the tinding reaction containing the NF-kB probe caused the
ppearance of a slower migrating complex (Fig. 8D, lane
, indicated by an arrowhead), indicating the presence of
50 in the DNA–protein complex. Addition of anti-p65
ntibody to the binding reaction had no effect on the
ntensity of the band corresponding to complex b; how-
ver, it significantly decreased the formation of complex
and resulted in the appearance of a slower migrating
omplex (Fig. 8D, compare lane 2 to lane 5), indicating
he presence of p65 in complex c. These observations
ndicate that while the JCV NF-kB motif has the capacity
and B) Competitive band shift assays. Nuclear extracts prepared from
ected with p50 and p65 were mixed with NF-kB (A) or 23-bp (B) probes,
mide gel. A 50- to 150-fold molar excess of the unlabeled competitors
r complex (complex b) and a minor complex (complex c) formed with
d a minor complex formed with 23-bp probe are indicated by an arrow
nd shift assays without competitors were carried out with respective
tained 1 mg of preimmune sera (a-pre) or anti-p50 (a-p50) antibody or
are indicated as described for A and B. An arrowhead indicates thents. (A
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lyacryla
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186 SAFAK, GALLIA, AND KHALILI3-bpse, through which p50 and p65 can stimulate tran-
cription, may not form a stable complex with these
roteins in band shift assays. Thus, it is likely that tran-
criptional activation of the JCV promoter by p50 and p65
hrough the 23-bp region is mediated indirectly via a
ellular protein(s) that is in contact with the 23-bp ele-
ent. Based on the structural and functional data pre-
ented throughout these studies, it is likely that the
0-kDa nucleoprotein complex (complex a) may play an
mportant role in mediating transcriptional activation of
he JCV promoter through the 23-bpse by p50 and p65.
DISCUSSION
NF-kB is a member of a well-characterized family of
nducible transcription factors involved in immune func-
ion, inflammatory response, cell adhesion, and cell
rowth (Bauerle and Henkel, 1994). To exert their activity,
arious subunits in the family interact with one another
nd function as homo- and heterodimers (Siebenlist et
l., 1994; Thanos and Maniatis, 1995). The association of
hese proteins with the NF-kB cis-element and their
ommunication with other transcription factors already
ound to the neighboring motifs through protein–protein
nteractions result in upregulation of NF-kB responsive
enes in response to extracellular stimuli. In support of
his notion, previous studies demonstrated that binding
f several cellular and viral proteins to neighboring cis-
egulatory elements and their communication with the
F-kB family of proteins enhanced the transcriptional
ctivation through certain promoters. Several examples
f these factors include the TATA binding protein, the
/EBP family of transcription factors, NF-IL6, Fos/Jun,
nd HTLV-1 Tax (Beg and Baldwin, 1993; Gilmore and
orin, 1993; Kerr et al., 1993; Murakami et al., 1995; Ray
nd Prefontaine, 1994; Stein et al., 1993a, b).
Reactivation of JCV gene transcription in response to
nappropriate physiological conditions including alter-
tions in cytokine production and immunosuppressive
onditions suggests that inducible regulatory pathways
ust participate in regulation of the viral lytic cycle. In
his respect, previous studies from our laboratory dem-
nstrated that the NF-kB motif positioned near the early
ene translation start site of the JCV genome is respon-
ive to extracellular stimuli and interacts with NF-kB
ubunits (Ranganathan and Khalili, 1993). It was noted,
owever, that the viral late promoter, which is responsi-
le for the production of viral capsid proteins at the late
hase of lytic infection, is more responsive than the viral
arly promoter. These observations suggested that an
lternative pathway must exist to confer inducibility to
iral early gene transcription. Our data presented here
ndicate that the 23-bpse is responsive to an extracellu-
ar stimulatory factor such as PMA resulting in increased
iral early and, to a lesser degree, late gene transcrip-
ion. Also, it is evident that the NF-kB subunits are able so augment transcriptional activity of the JCV promoter
ia the 23-bpse. The ability of p50/p65 NF-kB subunits to
unctionally communicate with the 23-bpse without phys-
cally interacting with the nucleotide sequences within
his motif suggests that an indirect mechanism that in-
ludes an additional cellular protein(s) may mediate the
bserved event. Results from band shift UV-crosslinking
ave led to the identification of the cellular protein(s),
hich upon binding to the 23-bpse, forms a 40-kDa
NA–protein complex. Several observations suggested
hat the 40-kDa complex may play an important role in
he activation of the viral promoter by p50/p65 via the
3-bpse. First, site-directed mutagenesis data indicated
hat activation of the promoter by PMA or by p50/p65
equires the same nucleotides as those that are impor-
ant for the formation of the 40-kDa complex. Second,
50/p65 showed no ability to directly interact with the
3-bpse motif, although it is possible that instead they
ay interact with the 23-bp binding proteins, but may not
e detectable under gel-shift conditions. Third, the for-
ation of the 40-kDa complex is independent of PMA
nduction and not enhanced by the presence of p50 and
65 in the DNA binding reaction. Although our DNA
inding studies showed no direct interaction between
he kB subunits and the 23-bpse, several possibilities
an account for their indirect involvement in the tran-
criptional induction by kB: (i) In addition to their roles in
NA binding and thereby transcriptional activation of
ownstream target genes, it is likely that p50 and p65
ay play a role in transcriptional activation of the target
enes by functioning as coactivator molecules in vivo
etween DNA binding proteins and transcriptional ma-
hinery assembled around the TATA box. In support of
his hypothesis, recent studies by Li et al. (1998) have
ndicated that RelA(p65) may function as a coactivator
hrough NF-kB binding sites of HIV-LTR in TGFb-medi-
ted promoter activation in immortalized human keratin-
cyte cells (HaCaT). With the same analogy, it is possible
hat the p50/p65 complex or p65 alone would function as
coactivator in PMA treated cells. Alternatively, PMA
reatment of U-87MG cells may modify specific coactiva-
ors that would then be tethered to p50/p65 complexes
nd recruited to the promoter regions of JCV, resulting in
ransactivation through the 23-bpse. (ii) It is also likely
hat downstream NF-kB target genes or unrelated genes
nduced by PMA may be involved in this process be-
ause these two transcription factors along with others
ithin the same family are known to be key regulators of
broad range of genes such as those involved in inflam-
atory process, growth control, apoptosis, and activa-
ion of viral genes and cellular genes (Bauerle and Hen-
el, 1994). Expression of downstream genes as a result
f induction by NF-kB family of transcription factors may
hen trigger the expression of JC viral genes. (iii) Another
ossibility is that our in vitro DNA binding studies with a
hort oligonucleotide may not reflect an in vivo environ-
m
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18723-bp SEQUENCE ELEMENT FROM HUMAN NEUROTROPIC JC VIRUSent. Perhaps a native three-dimensional structure of
NA in the presence of different cellular factors presents
more favorable conformation for DNA–protein interac-
ions. In such a case, p50/p65 homo- or heterodimers
ay interact with the 23-bpse and modulate the tran-
criptional induction from the JCV promoters.
Altogether, based on these studies, one may envi-
ion a model whereby, at the early phase of JCV
eactivation, the inducible transcription factors such
s the NF-kB subunits, indirectly via the 23-bpse and
o a much lesser degree through the NF-kB motif,
ncrease viral early gene transcription (Fig. 9). As the
iral early protein T-antigen orchestrates subsequent
vents, the NF-kB subunits, by direct association with
he NF-kB motif, augment late gene transcription. Per-
aps it should be mentioned that earlier data indicated
hat while the consensus NF-kB binding site functions
s an enhancer for the late gene, a distinct region of
he JCV genome, designated the D-domain, that lacks
he NF-kB binding site is responsive to activation by
F-kB (Raj et al., 1996). In this case, the NF-kB sub-
nits mediate their function, indirectly, via interacting
ith a cellular factor, YB-1, through the D-domain (Fig.
). The ability of NF-kB subunits to directly interact
ith the NF-kB motif and to indirectly communicate
ith the D domain through YB-1 increases JCV late
ene transcription. Our future studies, which are di-
ected toward biochemical characterization and iden-
ification of the protein involved in NF-kB-mediated
FIG. 9. Model for the involvement of NF-kB subunits in the regulation
ubunits, p50/p65, by direct interaction with the NF-kB element and indi
ene transcription in the early phase of infection. (Bottom) p50/p65 com
-domain (Raj et al., 1996), stimulates late gene transcription at the laathways of JCV gene expression, should assist us in pnraveling the complex regulatory mechanism that
ictates viral reactivation.
MATERIALS AND METHODS
issue culture, transfections, and CAT assays
The human astrocytic glial cell line, U-87MG (ATCC,
ockville, MD), was maintained in Dulbecco’s minimal
ssential medium (DMEM) supplemented with 10%
etal calf serum (Life Technologies, Gaithersburg, MD).
ransient transfection assays were carried out by the
alcium phosphate precipitation method as described
reviously (Graham and van der Eb, 1973). Briefly,
.5 3 106 cells were grown overnight on 60-mm tissue
ulture plates and 3 h prior to transfection, cells were
ed with fresh DMEM. The amount of DNA in each
ransfection is indicated in the figure legends. At 4 h
osttransfection, a glycerol shock was applied to the
ransfectants and cells were refed with fresh medium.
t 8 h posttransfection, cells were treated with PMA
75 ng/ml) for 2 h, washed with PBS, and refed with
resh DMEM. At 48 h posttransfection, crude protein
xtracts were prepared by repeated freeze–thaw cy-
les. Eighty micrograms of protein for each sample
as assayed for chloramphenicol acetyl transferase
CAT) activity (Ausubel et al., 1989). Treatment of trans-
ectants with various kinase inhibitors is described in
he figure legends. Results are expressed either as
old activation or as percentage conversion. Each ex-
ene transcription at the early and late phases of infection. (Top) NF-kB
sociation with the 23-bpse via the 40-kDa complex, increase viral early
y directly binding to the NF-kB motif and indirectly associating with the
e of the infection.of JCV g
rect as
plex, beriment was performed in triplicate with different
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188 SAFAK, GALLIA, AND KHALILIlasmid preparations, and standard deviation of the
esults are indicated with error bars.
lasmid constructs and site-directed mutagenesis
All enzymes and reagents used to create plasmids
ere purchased from Boehringer Mannheim, New En-
land Biolabs, or U.S. Biochemicals and utilized accord-
ng to the manufacturer’s recommendations. For the con-
truction of pBL-CAT3 derived plasmids, various deletion
utants of JCVPhila-1 regulatory region were PCR amplified
nd cloned into the SmaI site of the pBlueScript vector
rom which they were subcloned upstream of the CAT
ene at the BamHI/PstI site of the pBL-CAT3 vector
Luckow and Schultz, 1987).
Site-directed mutagenesis was performed according
o the previously described PCR-based techniques (Ras-
chia et al., 1992). The nucleotide composition of the
ligonucleotides used for mutagenesis of the 23-bpse is
s follows: wild-type primer (P1); 59-AGGAGCUGGC-
AAAACTGGATGGCTGCC-39, and mutant primer (P2);
9-UUUAGCCAGCUCCUTTCTACCTTCCTTTT-39. A plas-
id containing the JCVPhila-1 regulatory region was used
s a template in PCR amplifications. To improve the
idelity of Taq polymerase, all PCR amplifications for
utagenesis were performed with a low concentration of
ach dNTP (0.05 mM). All constructs were sequenced to
erify the direction of cloning and mutations made within
he 23-bp region. The constructs containing the mutant
F-kB motif were previously described (Mayreddy et al.,
996).
uclear extract preparation and band shift assays
Nuclear extracts were prepared according to the pre-
iously published protocols (Ausubel et al., 1989). For
and shift assay, oligonucleotides corresponding to the
3-bpse or NF-kB motif were labeled at the 59 end by
g-32P]ATP using T4 polynucleotide kinase. Ten micro-
rams of nuclear extract was incubated with 30,000 cpm
f the gel-purified probes in a binding reaction (35-ml
inal volume) containing 0.5 mg of poly(dI–dC), 12 mM
EPES (pH 7.9), 4 mM Tris–HCl (pH 7.5), 60 mM KCl, 5
M MgCl2, and 0.1 mM DTT for 30 min at 4°C. The
NA–protein complexes were resolved on 6% polyacryl-
mide gels under native conditions in 0.53 Tris–borate–
DTA buffer (Ausubel et al., 1989). The gels were dried
nd complexes were detected by autoradiography at
70°C with an intensifying screen.
ethylation interference assay
The single-stranded 23-bp oligonucleotides were end-
abeled with [g-32P]ATP using T4 polynucleotide kinase,
ethylated with DMS, and annealed to their unlabeled
omplementary strands (Ausubel et al., 1989). Approxi-
ately 50 mg of nuclear extracts from glial cells was
32ncubated with 150,000 cpm of the g- P-labeled/methyl-ted probe, in the presence of 2.5 mg of poly(dI–dC) in a
otal volume of 100 ml at 4°C for 30 min. The DNA–protein
omplexes were resolved on a 6% native gel. The bands
orresponding to both the free and the bound probes
ere excised, electroeluted, and treated with 1 M piper-
dine for 45 min. The samples were then lyophilized and
esuspended in 100 ml buffer containing 20 mM Tris–HCl
pH 7.2), 0.3 M sodium acetate, 1 mg tRNA. After phenol/
hloroform extraction and ethanol precipitation, DNA
amples were resolved on a 15% sequencing gel and
etected by autoradiography.
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